The enzyme-mediated highly enantioselective hydrolysis of aliphatic dicarboxylic acid diesters has been developed. The racemic diesters were easily prepared by the coupling of racemic alcohols with dicarboxylic anhydrides followed by esterification or with dicarboxylic acids. In the cases of bis(1-phenylethyl) glutarate and bis(1-phenylethyl) adipate, the diesters which contained the dl-and meso-form diastereomers, were enantioselectively hydrolyzed by lipase from Candida antarctica (Novozym 435) in buffer at 30˚C to afford the almost optically pure (R)-1-phenylethanol.
Introduction
The enzyme-mediated kinetic resolution of racemic alcohols and esters is one of the attractive methods for the preparation of optically active compounds [1] [2] [3] [4] . In our previous study, we succeeded in the enantioselective hydrolysis of poly(ethylene glycol) (PEG; av MW 4600)-supported carbonates (1) using porcine pancreas lipase (PPL; Scheme 1) [5] . In this case, two molecules of the optically active 1-phenylethanol (2) could be released from one molecule of the substrate 1, and the theoretical total yield of 2 was up to 200%. Unfortunately, the reactivity and enantioselectivitiy were moderate, and the amount of alcohols immobilized per gram of 1 (the loading capacity) was very low. This drawback is a limiting step for the preparative synthesis of the desirable enantiomer. Scheme 1. Enzyme-mediated enantioselective hydrolysis of a PEG-supported substrate.
On the other hand, we also succeeded in the excellent enantioselective hydrolysis of aliphatic dicarboxylic acid monoesters 3 using lipase from Candida antarctica (Novozym 435 ; CAL-B), and the separation of the reaction products was achieved by a simple extraction procedure (Scheme 2) [6] . Then, we had noticed that the dicarboxylic acids would be a substitute for PEG spacer in Scheme 1, and the corresponding dicarboxylic acid diesters 4 could be a substrate for hydrolytic enzymes (Scheme 3). In this case, the gram-scale preparation of optically active compounds would be easy, because the molecular weight of the substrates would not be very high. Herein, we describe the enzyme-mediated enantioselective hydrolysis of aliphatic dicarboxylic acid diesters, and also report the methodical study of the substrate specificity. To the best of our knowledge, there have been only a very few reports on the enzyme-mediated enantioselective hydrolysis of diesters which release more than two equivalents of optically active alcohols [5] [7] .
Material and Methods

Materials
Novozym 435 (L4777, >5.0 U/mg) was obtained from Sigma-Aldrich Co. LLC. E. Merck Kieselgel 60 F 254 Art.5715 was used for analytical TLC. Preparative TLC was performed on E. Merck Kieselgel 60 F 254 Art.5744. Column chromatography was performed with Silica Gel 60N (63 -210 mm, Kanto Chemical Co., Inc.). All other chemicals were also obtained from commercial sources.
Analytical Methods
1
H (500 or 300 MHz) and 13 C (125 or 75 MHz) NMR spectra were measured on a JEOL JNM-500 or AL-300, respectively, with tetramethylsilane (TMS) as the internal standard. IR spectra were recorded with Shimadzu IR Prestige-21 spectrometers. Mass spectra were obtained with a JEOL EI/FAB mate BU25 Instrument by the EI method.
Optical rotations were measured with a Jasco DIP-1030 polarimeter. HPLC data were obtained on Shimadzu LC-10AD VP , SPD-10A VP , and μ7 Data Station (System Instruments Co., Ltd.) or Shimadzu LC-20AD, SPD-20A, and Smart Chrom (KYA technologies cooperation). GLC data were obtained on GL Sciences GC 353B, and μ7 Data Station (System Instruments Co., Ltd.).
Preparation of the Substrates for the Enzymatic Reaction
Mix-Bis(1-Phenylethyl) Glutarate (4b)
Under an argon atmosphere, 1-phenylethanol ((±)-2, 0.260 mL, 2.16 mmol) was added Scheme 2. Enzyme-mediated enantioselective hydrolysis of dicarboxylic monoesters. Scheme 3. Theoretical reaction of the enzyme-mediated enantioselective hydrolysis of racemic dicarboxylic acid diesters 4 (the numbers in parentheses are the theoretical % yields from mix-4).
to a solution of glutaric anhydride (500.7 mg, 4.388 mmol) in CH 2 Cl 2 (10 mL). To the solution DMAP (1.047 g, 8.572 mmol) was added at 0˚C, and the mixture was stirred for 2 h at room temperature. After the mixture was washed with 2 M HCl, the products were extracted with CH 2 Cl 2 (×3), and dried over Na 2 SO 4 . After evaporation in vacuo, the residue was purified by column chromatography on silica gel (hexane/AcOEt = 4/1) to give the (±)-4-((1-phenylethoxy)carbonyl)butanoic acid (3b) as a colorless oil (527.9 mg, 79%); IR (neat) 2980 
Enzymatic Hydrolysis of
Preparative Scale Procedure
To 3000-mL Erlenmeyer flask containing 1.43 g of mix-4c (4.00 mmol) was added 400 To the diester (S, S)-4c in MeOH (5 mL) was added 2 M NaOH (2 mL), and the mixture was stirred at rt. The products were extracted with Et 2 O (x3), and the organic layer was washed with brine and dried over Na 2 SO 4 . After the organic phase was evaporated in vacuo, the residue was purified by flash column chromatography on silica gel (hexane/AcOEt = 2/1) to give (S)-2 (213 mg, 188%, >99% ee).
To the monoester (S)-3c was added 2 M NaOH (5 mL), and the mixture was stirred at rt. The products were extracted with Et 2 O (x3), and the organic layer was washed with brine and dried over Na 2 SO 4 . After the organic phase was evaporated in vacuo, the residue was purified by flash column chromatography on silica gel (hexane/AcOEt = 2/1) to give (S)-2 (215 mg, 90%, >99% ee). 
Data for the Alcohols Derived from the Enzymatic Hydrolysis of
Mix-Dicarboxylic Acid Diesters
The reactions of the other substrates were carried out by the same procedure. The results were shown in the text. All the spectral data ( 
Enzymatic Hydrolysis of (±)-Acetates Derived from Alcohols with Novozym 435
Racemic acetates were prepared from the corresponding alcohols by a usual method using acetic anhydride in pyridine.
Enzymatic reactions of the acetates were carried out using 20 mM of the substrates with Novozyme 435 (40 mg) in 0.1 M phosphate buffer (pH 6.5, 40 mL) at 30˚C for 24
h. The analytical methods of the products were almost same as those in the case of the dicarboxylic acid diesters mentioned above.
Results and Discussion
Concept of the Enzymatic Hydrolysis of Dicarboxylic Acid Diesters
Based on our concept of the enzymatic hydrolysis of mix-4, the process involving the production of (R)-2 contains two different steps, which are the first hydrolysis of the diesters mix-4 and the following second hydrolysis of the resulting monoester 3 (Scheme 3). When the reactions of the diesters mix-4, which contains the racemates ((S, S)-4 and (R, R)-4) and meso-4 in the ratio 1:1, theoretically proceed, the yield of the resulting alcohol (R)-2 could be 100%. In a similar way, the unreactive (S, S)-4 and (S)-3 could be obtained in 25% and 50% yields, respectively, and the following chemical hydrolysis of esters 4 and 3 could also give (S)-2 in 100% total yield based on the amount of mix-4. According to our previous study [6] , the highly enantioselective hydrolysis of monoesters (±)-3 using Novozym 435 should be expected. We then specifically focused on the reactivity of the diesters 4.
Preparation of Racemic Dicarboxylic Acid Diesters as the Substrate
For the synthesis of the substrates, the racemate (±)-2 was combined with succinic anhydride or glutaric anhydride using DMAP in CH 2 Cl 2 to give the corresponding (±)-3a (n = 2) and 3b (n = 3), respectively (Scheme 4). The monoesters were coupled with another (±)-2 using DCC and DMAP in CH 2 Cl 2 to afford the substrates mix-4a and 4b, respectively. On the other hand, the diesters mix-4c (n = 4), 4d (n = 5), 4e (n = 6) and 4f (n = 8) were prepared by the direct coupling of (±)-2 with adipic acid, pimelic acid, suberic acid, and sebacic acid, respectively. The other substrates were synthesized by the same procedure (Scheme 5). HPLC analyses of mix-4b and 4c showed that the compounds were almost 1:1 mixtures of the diastereomers, and we then decided that the diastereomeric ratios of the prepared diesters 4 should be 1:1, regardless of the synthetic process.
Enzymatic Hydrolysis of Racemic Dicarboxylic Diester mix-4
We initially took notice of the carbon number between the two ester parts of the substrates, and the enzymatic reactions using Novozym 435 of several diesters mix-4a-f were carried out. After the enzymatic reactions of mix-4 (0.4 mmol) using Novozym Scheme 4. Synthesis of the substrates mix-4.
Scheme 5. Synthesis of the substrates mix-18b-23b and 18c-23c.
sequentially hydrolyzed with NaOH. The enantiomeric excesses (ee) of the resulting 2 were evaluated by a chiral GLC analysis, and the results are summarized in Table 1 .
Surprisingly, in all cases, the enzymatic hydrolyses of 4 proceeded with excellent enantioselectivities to afford the corresponding optically active compounds. Furthermore, the excellent ee values of the resulting (R)-2 from the enzymatic reactions showed that the enantioselectivities of the hydrolysis of not only the monoesters 3 but also the diesters 4 are almost perfect under the stated reaction conditions. Interestingly, the ee of (S)-2 derived from 4a (Entry 1), which has the lowest number n, was relatively low (83%), and almost the same result was obtained in the case of 4f (80%), which has the highest number n (Entry 6). In these cases, longer reaction times (48 h) did not improve the conversions and the ees of 4, although the reason was not clear yet. These results indicated that the enzyme prefers the substrates bearing a moderate carbon number between two carboxylates in the first enzymatic hydrolysis, and the higher reaction rates of 4b (n = 3, Entry 2) and 4c (n = 4, Entry 3) caused the higher ees of (S)-2 derived from 4b and 4c. Finally, we determined that glutarate and adipate were the most suitable substrates (4b and 4c, respectively) for this enzymatic reaction.
We next studied the time-course of the reaction for 4c using a smaller amount of enzyme (40 mg for 0.4 mmol of substrate), and the results are shown in Table 2 . =Me; entries 11 and 12), respectively, smoothly proceeded for only 24 h with sufficient enantioselectivities to give the corresponding optically active compounds. It is noteworthy that the ees of the monoesters (S)-17b and 17c were higher than those of the alcohol (S)-11 derived the remaining diesters 23b and 23c, and the resulting alcohols (R)-11 were not of the optically pure form. In our previous report, the kinetic resolution of the monoester (±)-17b with Novozym 435 was completely accomplished to afford the almost optically pure alcohol 11 (E value = 920) under the same reaction conditions. These results indicated that the enantioselectivities of the first enzymatic hydrolyses of mix-23b and 23c
should be lower than those of the second reactions of (±)-17b and 17c.
For comparison, we also examined the enzymatic hydrolysis of the usual acetates derived from the corresponding alcohols 2 and 6 -11 under the same reaction conditions as mentioned above. Among the reactions of all the acetates, the reactivitiesand/orenantioselectivities in the cases of the acetates (±)-24 and 25 bearing a 1-naphthyl group and a benzyloxyethyl group, respectively, were quite different from those of the dicarboxylic acid diseters 21 and 23 containing the same substituents, while other acetates were enantioselectively hydrolyzed in a manner similar to the corresponding dicarboxylic acid diseters. Surprisingly, in the case of 24 (R 1 = 1-naphthyl, R 2 = Me), the reaction was smoothly accomplished to afford optically active compounds (conv. = 0.49, E value = 340; Scheme 6(a)) [15] . On the other hand, the enantioselectivity in the case of 25 (R 1 = BnOCH 2 CH 2 , R 2 = Me) was low, although the hydrolysis smoothly proceeded (conv. = 0.44, E value = 15; Scheme 6(b)). These results indicated that the structure of the acyl moieties apparently affects the interaction between the substrates and the active site of the enzyme, and the use of the dicarboxylic acid diseters as the substrates could bring the latent specificity of molecular recognition in enzymatic hydrolysis.
Conclusion
In this study, we succeeded in the enzyme-mediated enantioselective hydrolysis of aliphatic dicarboxylic acid diesters, and obtained several enantiomers of 2, 6, 7, 8, 9, 10 and 11. We also disclosed that the reactivity and enantioselectivity could be controlled using a suitable acyl group of the substrates, and the glutarate and adipate were suitable as the acyl moiety of the substrates. Furthermore, we found that the substrate specificity of the enzyme differed from those in the case of the corresponding acetates. We anticipate that the use of glutarate and adipate for the enzymatic hydrolysis could be an alternative choice as the simple acetates.
